Electrohydraulic forming (EHF), high-velocity forming technology, can improve the formability of a workpiece. Accordingly, this process can help engineers create products with sharper edges, allowing a product's radius of curvature to be less than 2 mm radius of curvature. As a forming process with a high-strain rate, the EHF process produces a shockwave and pressure during the discharge of an electrical spark between electrodes, leading to high-velocity impact between the workpiece and die. Therefore, the objective of this research is to develop an EHF process for forming a lightweight materials case with sharp edges. In order to do so, we employed A5052-H32, which has been widely used in the electric appliance industry. After drawing an A5052-H32 Forming Limit Diagram (FLD) via a standard limiting dome height (LDH) test, improvements to the formability via the EHF process were evaluated by comparing the strain between the LDH test and the EHF process. From results of the combined formability, it is confirmed that the formability was improved nearly twofold, and a sharp edge with less than 2 mm radius of curvature was created using the EHF process.
Introduction
In the electrical appliance industry, a product layout can be designed with a relatively simple forming process. However, product design has become one of the most important factors for selecting products, so development of reproducible forming processes is needed to manufacture optimal products with sharp edges. In particular, lightweight materials such as aluminum and magnesium have been utilized for electrical appliance cases, although these materials have low formability. When attempting to form a sharp edge using conventional forming processes, these materials are often torn and wrinkled. Thus, researchers have attempted to develop new forming processes for lightweight materials with sharp edges. High-velocity forming methods have been reported to potentially increase sheet metal formability beyond the limits of conventional forming processes [1] [2] [3] [4] . Various highvelocity forming processes have been developed, including explosive forming (EXF), electromagnetic forming (EMF), and electrohydraulic forming (EHF). Such high-strain rate forming processes result in lower tooling costs, due to the elimination of punches, which are replaced by an impulse force generated by an explosive, electromagnetic repulsion via electrical plasma channels [5] . Although EXF is one of the earliest high-velocity forming processes, handling explosives for routine research is not feasible because it is very dangerous and noisy. EMF is also limited to highly conductive materials. Therefore, EHF is the best way to form all kinds of lightweight materials.
During the EHF process, stored electrical energy is discharged to electrodes in liquid-filled chambers. A small amount of liquid between the tips of the electrodes is vaporized, forming a plasma channel. Electrical current continues to go through the channel, converting the electrical energy into the internal energy of the plasma bubble; this occurs in a very short period of time (usually less than 100 microseconds). This leads to explosive expansion of the channel by forming high-velocity shockwaves in the liquid, which forms a workpiece into a die [6] . Initial development of the EHF process began in Russia in the early 1950s by Yutkin [7] . Bruno [8] and Davies and Austin [9] reviewed early applications and research results on EHF. Specifically, Bruno described a number of industrial examples where EHF machines storing 36 kJ, 60 kJ, 150 kJ, and 172 kJ were employed. However, due to the necessity of filling the chamber with liquid at the beginning of each forming cycle and evacuating the liquid at the end of it, the cycle time for the EHF process was approximately several minutes. Sanford [10] described a hybrid technology where static hydroforming was used to bulge sheet metal into the die cavity, followed by EHF, which provided a higher pressure level and filled in the details of the die cavity. According to this study, a typical cycle time for such a hybrid process is 10 minutes. More recently, Balanethiram and Daehn [3] reported an increase in the forming limit for A6061-T4 and Golovashchenko and Mamutov [11] reported forming limit improvements for DP590, DP780, and DP980. Rohatgi et al. [5] investigated the deformation behavior of A5182-O and DP590 during EHF using high-speed cameras and a digital image correlation (DIC) technique to understand the roles of the strain rate. Gillard et al. [12] analyzed the formability improvements of formability of DP780 and DP980 and developed an FE-model for EHF processes. Further, Vohnout et al. [13] reported results of pulsed loading in a closed volume, assuming energy equivalence in explosive forming. Additional simulation work fully modeling the discharge, pressure transmission, and part formation into the die has been conducted by Ford researchers [14] [15] [16] . Recently, Ahmed et al. [17] reported near 45-50% improvement to the formability of A5052-O via the EHF process [18] . According to this research, improvement to the formability of some materials, such as A6061-T4, DP590, and A5052-O, was achieved; however, EHF research on A5052-H32 sheets with low formability, which has been widely used for electrical appliances and automobiles, was not carried out. Therefore, the objective of this paper is to assess formability improvements and to attempt forming A5052-H32 sheets with sharp edges. In order to do so, an A5052-H32 FLD was drawn via an LDH test and combined with the experimental results of EHF processes. Importantly, sharp edge forming was attempted using the EHF process. Sharp edge forming is the filling of the die with a 2 mm radius of curvature. It is anticipated that this research will contribute to the manufacturing of lightweight material cases with sharp edges for small electrical appliances, such as cell phones and cameras.
EHF Forming System
The major advantages of high-strain rate forming processes include increases in metal formability, reduced wrinkling, reduced spring-back, and reduced manufacturing costs. EHF is a high-strain rate forming process that involves the conversion of electrical energy into mechanical energy in a liquidfilled chamber. The forming process is very fast, lasting no longer than 200 s, and has a forming speed of approximately 300 m/s [17] . A high-strain rate during the EHF process is achieved by taking advantage of the electrohydraulic effect, which can be described as the rapid discharge of electric current between electrodes tips while being submerged in liquid-filled chambers and the propagation through the liquid of the resulting shockwave and reflective wave. The high-pressure propagation from the resulting shockwave and reflective wave causes a high-velocity impact between the workpiece and die, allowing the workpiece to be formed into the desired shape [19] .
An EHF system consists of a pulse power source, chamber, electrodes, and one-sided die. Figure 1 shows a crosssectional diagram of an EHF chamber. The necessary high voltage is obtained by charging a capacitor storage bank in a pulse power source. When the electronic trigger circuit is activated, energy is rapidly dumped into concentric or opposing spark-gap electrodes submerged in the liquid-filled chamber. The thickness of the chamber is 35 mm considering the 300 MPa fluid pressure and corrosion. A chamber with carbon steel, containing beryllium copper electrodes was used to avoid abrasion by shockwave.
Experimental Work

Conventional Formability
Testing. An FLD is used during the design stage of any new sheet metal component for tooling the shape and optimizing variables. In the sheet metal industry, this process is widely used and considered to be one of the most important factors for determining the formability of sheet metals. Every sheet metal has its own FLD that determines its formability, strain limit, and forming regions [20] . An FLD is a representation of the critical combination of two principal surface strains, major and minor, above which localized necking instability is observed [21] . The forming limit curve is plotted for varying strain ratios, from pure shear to equibiaxial tension. One can conclude that drawing has occurred in the case of a negative minor strain or negative strain ratio. Stretching is observed when positive minor strain is obtained, or the strain ratio is positive [22] . In order to construct the FLD, Hecker's simplified technique was employed in this study. This procedure comprises three main steps: grid marking on the workpiece, punch stretching of the grid marked workpiece to failure (onset of localized necking), and strain measurement on the deformed specimens [23] . In order to evaluate the formability, a 0.5 mm thick A5052-H32 (NOVELIS) sheet was considered. The tensile properties and chemical composition of the workpiece are shown in Table 1 . Eight workpieces, ranging from 25 mm × 200 mm to 200 mm × 200 mm, were cut from one sheet. Square (2 mm × 2 mm) grid patterns were imprinted on the workpieces for strain measurement after forming. The formability testing equipment consists of a hemispherical punch of 101.6 mm in diameter, as well as a lower and upper die on a 20-ton hydraulic press. Table 2 shows the basic forming conditions of the FLD test. For better accuracy, experiments were conducted three times and major and minor strain values were taken into account. After forming, grids on the workpiece in and around the necked regions were imaged, and major and minor engineering strain components were calculated from the grid pattern analyzer. The grid pattern analyzer is comprised of a video camera system for data acquisition and software for data process and analysis. The basic procedure for measuring strain data with the grid pattern analyzer is the following:
(i) A grid pattern is applied to an undeformed blank.
(ii) The blank is formed.
(iii) The grid pattern analyzer is used to image a single grid element.
(iv) From the image, the computer determines major and minor strain values.
EHF.
The EHF formability experiments in this study were conducted from a flat blank, and the die cavity was filled using a single EHF pulse. In this study, a conical EHF chamber was used in conjunction with the conical die to form the workpiece in a state of biaxial strain. Figure 2 shows the conical die for the EHF process. Using an electrochemical etching process, square grid patterns (2.0 mm × 2.0 mm) were marked on the workpiece to measure strain after forming. The electrodes can be seen above, passing through the chamber walls. They were insulated from the walls by a nonconductive polymeric material with good mechanical resiliency in order to withstand the intense dynamic loading occurring within the chamber. A hemispherical chamber with a 200 mm diameter was filled with 2 L of tap water for the EHF. The electrode gap in the chamber was 20 mm, and a copper bridge wire, 0.3 mm in diameter, was placed between the electrode tips before each pulse in order to promote efficient and repeatable discharge performance.
During the EHF process, a workpiece was installed at the top of the chamber and then clamped by an o-ring and press. The air remaining in the die was removed by a vacuum pump. The chamber was filled with water up to its upper rim. The pulse power source had a maximum energy capacity of 60 kJ, and the electrical energy used in the EHF ranged from 0.3 kJ to 8 kJ. Electrical energy was stored in high voltage capacitors and charged through a transformer and a set of diodes. Each of them was connected to the discharge circuit through their respective vacuum switches. A set of vacuum switches closed the circuit and delivered the voltage stored in each module of the capacitors to the electrodes. Moreover, a Rogowski coil for measuring the currents on electrodes was set at the ends of the electrodes. The Rogowski coil measured the current linearly, from low to high current, using mutual inductance. It can also measure the current in a wide frequency range. Figure 3 shows the set-up for the EHF process. Generally, the parameters that define the efficiency of the EHF process are the mutual positions of the electrodes, electrical properties of the liquid, charging voltage, capacitance of the circuit, inductance and resistance of the equipment and connecting cables, volume of the chamber, and the distance between the discharge channel and workpiece [17] . In this study, all parameters except charging voltage were set under the same conditions. Table 3 shows the EHF conditions.
Results and Discussion.
To draw the FLD after a dome stretching test, workpieces were measured in terms of major and minor engineering strain. Figure 4 shows the deformed workpiece after the LDH test. From these deformed grids, the FLD, consisting of major and minor strains, was plotted using a grid pattern analyzer. All of the LDH specimens were formed until failure, and the grid with the largest uniform major strain was always located near the cracks. If the measured square grid was located near the crack on a specimen, then that grid was marked as Failed. Conversely, if a square grid was located a safe distance away from the crack, then that grid was marked as Safe. The typical areas with the highest strain concentrations were located on or near a crack. Figure 5 shows the static FLD for A5052-H32 from the results of the LDH test. Table 4 shows the resulting measurements of the dome height after the LDH test (repeated 3 times). The maximum dome height was 19.18 mm in workpieces with 25 mm × 200 mm dimensions and a minimum of 13.22 mm at 110 mm × 200 mm in dry conditions. When the dome stretching test was performed with lubrication, the dome height was 23.27 mm for workpieces with 200 mm × 200 mm dimensions. Figure 6 shows the setting for measuring the waveform, wherein measured voltages can calibrate the input current of the electrodes. The discharge times were similar (25 s) for all EHF conditions. The measured waveforms increased in direct relation to the charging voltage. Each measured voltage was 1.2 mV, 1.7 mV, 2.2 mV, 2.8 mV, and 3.2 mV at 1 kV, 2 kV, 3 kV, 4 kV, and 5 kV, respectively. Therefore, input currents for the EHF process were calculated as 30 kA, 42.5 kA, 55 kA, 70 kA, and 80 kA, by a calibration coefficient of 25 kA/mV. Based on this result, it could be determined that increasing the currents would lead to an increase in the shockwave within the chamber during the EHF process. Figure 7 shows the deformed workpieces after EHF. A crack was observed under a 5 kV charging voltage at the apex of the workpiece. Table 5 shows the height of the deformed workpiece, from flat to apex, under different charging voltage conditions, after being measured precisely using a height gauge.
Dome height was measured as 5.03 mm, 8.39 mm, 12.03 mm, 19.31 mm, and 28.36 mm at 1 kV, 2 kV 3 kV, 4 kV, and 5 kV charging voltage, respectively, as shown in Table 5 . The dome height was increased in direct relation to the charging voltage. As shown in Figure 8 , deformed workpiece profiles at 2 kV and above increased sharply. This confirmed that the dome height of the EHF workpiece was increased in direct relation to the charging voltage, because the charging voltage provides the formation energy. Therefore, increasing the charging voltage generated an increased shockwave and reflected wave in the chamber, leading to an increase in the dome height of the workpiece.
To validate the formability improvement using EHF, strain in the workpiece after a 5 kV charging voltage was Advances in Materials Science and Engineering 7 Figure 9 . The 5 kV EHF workpiece had higher major strain than workpieces using the LDH test. Combinations of FLD for both parts showed that the workpieces using EHF had higher formability than those from the LDH test. The maximum dome height in the LDH test was measured at 23.27 mm in lubricated workpieces with dimensions of 200 mm × 200 mm, whereas the maximum dome height using an EHF test was measured at 28.36 mm with a 5 kV charging voltage. These results were mainly due to a high-velocity plasma channel leading to improved formability in the workpiece. The approximate improvement in formability was measured as 28% more than that of conventional forming processes. 
EHF with Sharp Edges
A case with a 175 mm diameter, 5 mm height, and a less than 2 mm radius of curvature was selected as a lightweight material case with sharp edges for small electric appliances.
To assess the possibility of sharp edge forming via traditional press forming, a simple press forming simulation consisting of a punch, die, and workpiece was performed using a measured FLD of A5052-H32. The press forming die's radius of curvature was 2.0 mm. As a result, it was predicted to crack and wrinkle along the circumference of the edge, as shown in Figure 10 . Figure 11 shows the target case and designed die for EHF. As a die material, SKD11 was employed with a 50HRC via heat treatment. In particular, the radius of curvature of the die was machined at 0.5 mm to achieve a minimum radius of curvature on the forming part. The workpiece was located at the top of the chamber, and water leakage was prevented by a rubberring and hydraulic press. After setting up the experiment, a 10 kV charge was run through a pulse power source; then, charged electrical energy was discharged into the electrodes. The damped sinusoidal waveform was measured as shown in Figure 6 . The discharge time and peak current were measured at 25 s and 153 kA, respectively. To evaluate the radius of curvature on the edge of the circumference, inner radius measurements were precisely performed using a 3D scanner, as shown in Figure 12 . The radius of curvature was measured in 50 mm intervals. Figure 13 shows the radius of curvature on the edge of the circumference. The radius of curvature was measured to be less than 1.5 mm for all points; however, the radius of some points located adjacent to the electrodes was less than 1.0 mm. Although the radius of the edge was nonuniform, due to the nonuniform distribution of pressure applied on the workpiece by a shockwave and reflective wave, the EHF process could achieve a sharp edge of less than 2.0 mm for a lightweight materials case.
Conclusions
Improvements to formability using the EHF process were verified by comparing conventional forming and EHF, leading to the following conclusions:
(1) An FLD of 0.5 mm thickness A5052-H32 was drawn by an LDH test. A 28% improvement of formability was verified by comparing the measured strain between the LDH test and EHF in combinations of FLD. According to the formability improvement, a maximum dome height using EHF was approximately 5 mm higher than when using the LDH test.
(2) EHF was performed under different charging voltages via waveform measurement. Although the charging voltage was discharged for 25 s under all EHF conditions, a peak current was increased to approximately 11 kA in direct relation to the charging voltage. In particular, dome heights were increased as charge voltage increased, meaning that increasing the charge voltage caused a greater shockwave and reflected wave in the chamber, which led to an increase in the formability of the workpiece (3) For applying the EHF process to small electric appliances, a circular formed part with sharp edges of less than 2 mm in radius of curvature was manufactured. The radius of curvature was verified using a 3D scanner. Although all radii of curvature did not have the same radius, the radius of curvature was less than 1.5 mm for all curvatures on the manufactured components.
